The work to be described in this paper is, in effect, an extension of the earlier researches of Langmuir (1918), who measured the adsorption of argon, nitrogen, oxygen, carbon monoxide, carbon dioxide and methane on mica and glass at pressures up to 0T mm. and temperatures of 90° and 155° K. He also investigated the adsorption of these gases on a smooth platinum foil surface, but except for a slow irreversible adsorption of oxygen at temperatures above 0° C., he was unable to detect any adsorption.
x = abp/(l +ap),
where x is the amount adsorbed at a pressure p and temperature T. Of the constants b is equal to the saturation maximum; a is equal to u0e^BT where a0 is a constant and 0 is the adsorption potential.
Langmuir showed th a t this equation was satisfied by his experimental results. I t has since received widespread application. One of the out standing successes was obtained in the careful work of McBain and Britton (1930) on the sorption of the vapours of nitrous oxide and ethylene on charcoal.
Failure of the values of x andp to satisfy this equation is usually attributed to the composite nature of the adsorbing surface. There are, however, two serious difficulties which cannot be disposed of so easily. Both concern the constant b, the saturation maximum. If Langmuir's equation is correct, the value of b should be the amount of gas required to cover the adsorbing surface with a layer one molecule thick. The following table gives Lang muir's and Bawn's figures for the fraction of the adsorbing surface covered when various gases were adsorbed on mica; Hiickel (1928) Bawn (1932) .
With the exception of Bawn's figures for carbon monoxide the surface is only partially covered at saturation. An even more serious criticism has [ 510 ] been brought forward by Htickel (1928) , who pointed out th a t theoretically b should be independent of tem perature. Actually, as the above table shows, b is very m arkedly reduced by increase of tem perature. Zeise (1928) showed empirically th a t b = 60(1 -JcT), where 60 and k are constants. Table I ption of a r g o n, nitrogen and oxygen 511 L a n g m u ir « B aw n A . 
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In order to investigate these problems further it was decided to carry out measurements similar to those made by Langmuir. Instead of using mica and glass it was decided to use platinum foil as the adsorbing surface. Mica and glass, although readily obtainable in thin sheets w ith smooth surfaces, have the draw back th a t they possess so complicated a lattice structure th a t the arrangem ent of the surface atom s is not accurately known. Platinum , on the other hand, is free from this objection and, moreover, can be obtained as a smooth foil which can be cleaned vigorously w ithout impairing the surface smoothness. As it was almost certain th a t Langm uir's failure to measure adsorption on platinum a t low pressure and tem peratures was due only to the insensitivity of his apparatus, it was decided to use platinum as an adsorbent. A fter a few trial experiments, an apparatus was designed capable of measuring the adsorption of argon, nitrogen and oxygen on platinum a t tem peratures between 90° and 190° K.
E xperimental
The arrangem ent of the apparatus is shown in fig. 1 . The adsorption vessel A is made of pyrex and is connected via a pyrex-glass seal to a Pirani gauge from which it can be isolated by means of a tap. The Pirani gauge in its tu rn is connected to a vacuum line, a McLeod gauge and a storage vessel which contained the purified gas required for the experiments. All glass or pyrex used for the apparatus was carefully cleaned w ith hot chromic acid and distilled water. The vacuum for the adsorption section was obtained from an Apiezon oil diffusion pum p backed by a Hyvac. These were separated from the tap isolating the Pirani gauge system by a trap, surrounded by liquid air day and night, and a P 20 5 tube. The vacuum for the McLeod gauge section, which was used during the calibration of the Pirani gauge, was obtained from a two-stage Volmer mercury diffusion pump set, backed with a Hyvac.
To Mcleod gauge X -To vacuum line To gas storage
Great care was taken to keep the apparatus free from mercury and grease. Mercury vapour from the McLeod gauge was condensed out in a liquid air trap and the traces th a t passed through the trap entered the Pirani gauge chamber only, as all calibrations were made before the adsorption vessel was sealed on. All taps were carefully ground so th at mercury sealing was unnecessary and they were greased with Apiezon low vapour pressure grease.
Pirani gauge
The filament of the Pirani gauge was made of flattened nickel wire (Ellet and Zabel 1931) . I t was operated according to the method of Camp bell. This method gives a t low pressures a linear relation between the pressure p and the square of the voltage across the bridge:
where V is the bridge voltage at pressure p and V0 the voltage vacuo. Calibrations were carried out over the range 5 x 10~5 to 10-1 mm. At the higher pressures used in these experiments the above equation departed from linearity and calibrations were made at frequent pressure intervals. The voltmeter used was a Crompton universal indicator.
Volume measurements
Volume m easurem ents were m ade w ith reference to a bulb whose volume had been m easured by filling it w ith w ater, using hydrogen as the reference gas. Before m aking them , th e whole of the ap p aratu s was very carefully baked out.
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Temperature measurement
Experiments were carried out at various temperatures between 80° and 195° K. These were obtained by using constant temperature baths of liquid nitrogen, liquid air, liquid oxygen, liquid methane, liquid ethylene and solid carbon dioxide and acetone. The temperatures of these baths were measured with a copper constantan thermocouple, which was calibrated frequently against a platinum resistance thermometer, which had been standardized at the National Physical Laboratory. The temperature measurements were self-consistent to within 0*5°.
P reparation and purification of gases (a) Oxygen
The oxygen was prepared by heating A.R. potassium perm anganate. I t was purified by tre a tm e n t w ith caustic potash and th en by storage in a vessel surrounded w ith liquid air.
(b) Nitrogen
The nitrogen was kindly supplied by D r E . J . B. Willey, who reported th a t th e sample was so pure th a t it refused to give th e active nitrogen afterglow. I t was prepared from air and therefore contained the usual traces of inert gases.
(c) Argon
The argon was obtained from a cylinder supplied commercially. It was purified using the method of Baxter and Starkweather, which consists in fractionating it from chabazite between the temperatures of 90° and 190° K. This method is reported to give a gas which is spectroscopically pure.
(d) Hydrogen
The small quantities of hydrogen needed were made as th ey were required by heating w ith a hydrogen flame a portion of a hollow palladium tube which was sealed into th e apparatus.
Knudsen thermal transpiration correction
Over the range of pressure used in these experiments, 5 x 10~5 to 10-1 mm., the thermal transpiration correction is very im portant. I t was impossible to reduce it to negligible proportions by working with large diameter tubes, as the volume of the apparatus was reduced to a minimum in order to achieve the maximum sensitivity. I t was also impossible to work over the square root range, as this would have required a capillary tube connection between the adsorption vessel and the Pirani gauge, which would have made the task of baking out the adsorption vessel very difficult indeed. The tube connecting the adsorption vessel and Pirani gauge in the final series of experiments had an internal diameter of 4 mm. The Knudsen correction was determined for argon, nitrogen and oxygen a t all temperatures used and over the whole pressure range.
Langmuir estimated his correction by determining it for hydrogen, which is not adsorbed, and then assuming it was the same for all other gases at those pressures at which the mean free paths were equal. This assumption is true only over a narrow pressure range at the lowest pressures.
The measurement of the thermal transpiration correction
In order to measure the thermal transpiration correction, the apparatus was first carefully baked out and evacuated. During this operation, the pyrex adsorption vessel was kept a t a temperature of 500° C. for 24 hours. After isolating the pumps and closing the tap between the adsorption vessel and the Pirani gauge, gas was adm itted to the gauge at a measured pressure. p x. I t was then expanded to the adsorption vessel, which contained no platinum and which was placed in a constant temperature bath. The new pressure p 2 was measured after equilibrium had been reached. From the two figures the apparent pressure, p 3, in the adso assuming th at there was no adsorption. Then P i l i _ P 2 I 1 , P 2 I 2 . P 3 I 3
RTX ~ RTX
where Vx is the volume of the Pirani gauge, V2 the volume of the connecting tube between the tap and the level of the liquid in the constant temperature bath, and V3 the volume of the adsorption vessel immersed in the bath:
Tx is the air temperature, T2 the bath temperat stant.
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Now if x is the mass of gas adsorbed on the walls of the adsorption vessel, at the apparent pressure of p 3 we have
RT2
where p 0 is the true pressure in the adsorption vessel. was measured for all gases over the whole range of temperature and pressure. The experiments were then repeated with the adsorption vessel filled with pyrex glass tubing of known area, which enabled a series of pressures p x to be determined:
where VA is the volume of the adsorption vessel minus the volume of the added tubing and a is the ratio between the surface area of the adsorption vessel together with the tubing and the surface area of the adsorption vessel. From these two series of experiments values of and x were determined for all values of p 2.In actual fact the values of x were so surprisingly sm that they could be neglected except for temperatures of 90° K. or less. The Knudsen thermal transpiration correction t = was then calculated for all values of p 2-In Table II are given the observed results for the transpiration correction for nitrogen and also the values calculated from the measured transpiration correction for hydrogen, assuming that the corrections are equal at the same mean free path. It is clear that Langmuir's assumption is not correct. 
Adsorption experiments
The platinum used in these experiments consists of a roll of smooth platinum foil, 9600 sq. cm. in area. This was carefully cleaned, first with hot nitric acid and then with hot chromic acid. I t was finally washed thoroughly with distilled water and placed in the pyrex adsorption bulb. All the water adhering to the foil, with the exception of the last traces, was removed by heating under vacuum in a separate apparatus. The adsorption bulb was then sealed into its final position in the apparatus and baked out at a tem perature of 500° C. until, after isolating the pumps, no measurable pressure developed over a period of 12 hours. This baking-out process took several days.
The method of carrying out the adsorption experiments was almost identical with th a t used to determine the thermal transpiration coefficients. The apparatus was baked out for 12 hours a t 500° C. Gas at a known pressure was expanded from the Pirani gauge to the adsorption vessel, which was then isolated and more gas was added to the Pirani gauge. This in its turn was allowed to expand into the adsorption vessel. In this way a series of points on each isotherm was determined. At low temperatures the amounts adsorbed were so large that, even when the Pirani gauge was filled with gas at as high a pressure as the calibration curve allowed (10-1 mm.), on expan sion to the adsorption vessel, the equilibrium pressure was too small for the gauge to measure. Under these conditions the error of the measurement is equal to the error in measuring the pressure, which is ± 2 %. At the high temperatures 170° and 190° K., when the amounts adsorbed were less, the errors became larger.
Results
The experimental results are given in Tables III-X IV . The curves for nitrogen are plotted in fig. 2 to illustrate the smoothness of the experimental curves and the change in the shape of the curve with change of temperature.
Unfortunately, owing to a serious breakdown in the apparatus and to the short time available for completing this investigation it was not possible to carry out more than one check experiment. If the results given in Tables III  and IV for the adsorption of nitrogen at 83*5° K. are compared it is found th at the values of x given in Table I I I are about 4 % lower than those given in Table IV . This agreement can be considered to be satisfactory in view of the nature of the experiments and the possible error in temperature measure ment of 0-5° K. Further, the self-consistency of the experimental results as judged by the closeness with which they can be placed along a smooth curve is also very satisfactory. Only in the case of the experiments at 170° and 193° K., where the amounts adsorbed are very small, do the errors become a t all serious. a r g o n , nitrogen and oxygen 517 N itrogen experiments T em perature = 112-2° K . The adsorption of a r g o n , nitrogen and oxygen 519
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D i s c u s s i o n
Application of the Langmuir isotherm to the results
At the lower temperatures all three gases give adsorption isotherms which are not concave enough to the pressure axis to be typical of the Langmuir adsorption isotherm. In each case there appears to be a middle part of the isotherm which is almost linear (see fig. 2 ). The Langmuir equation has been applied to the results in the usual way by plotting p/x against p, which should give a straight line. Such curves, except for some experiments at 112° and 170° K., are concave to the p-axis and indicate that more gas is adsorbed in the later higher pressure stages than is to be expected (see figs. 3 and 4) . The curves for nitrogen are particularly interesting because they show that the Langmuir equation is obeyed at 112° and 170° K. That this is not due to a masking of the curvature caused by experimental in accuracy is proved by the smoothness of the isotherm at 112° K. and also by the way in which the individual points of the plot of against p lie so accurately on a straight line. The evidence for argon and oxygen is similar, but not so clear in th a t argon, for example, still shows a definite departure from the Langmuir isotherm a t 112° K. For all three gases it can be said th at the higher the tem perature a t which adsorption occurs the more closely is the Langmuir equation obeyed. The excess adsorption which occurs in all cases over and above th a t expected from the equation is to be attri buted without doubt to intermolecular forces of attraction which will be more apparent at low temperatures.
90-5°K
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The saturation maximum
The values of xs, the saturation maximum, can of course be easily cal culated for those experiments whose results satisfy the Langmuir equation. For the other cases the following procedure has been adopted. A straight to these three points are at least 50-60 % of the value of xs, because at this stage in the adsorption the concentration in the adsorbed layer is so large that the forces of repulsion between molecules predominate in determining the adsorption equilibrium. The results are given in Table XV and it is easy to see that x8 decreases rapidly with increase of temperature in agree ment with the results of Bawn and Langmuir. 
Application of the virial adsorption isotherm to the results
In an attem pt to elucidate further the p jx relationships which have been found experimentally the virial adsorption isotherms which were derived in the previous paper have been applied to the experimental results (see equations (6), (7) and (8) of the previous paper).
In order to do this it was necessary to fit the experimental results to an equation of the type log x/p = As a first attem pt Mr R. R. M. Mallock substituted the experimental values in the above equation and solved directly for the coefficients on his calculating machine. The range of values of x, which owing to the experi mental difficulties was limited, was too small to enable any coefficients to be determined with any degree of exactness at all. The coefficients were therefore determined in the following way. If the values of x are not too large, then we can write
kx -k + cx
and bx = b0 + dx.
Substituting log x/p = k+ (c + b0)x+ 2.
These equations were solved from three values of x and p taken from the smoothed curve over the range occupied by the first three x and p readings X I on the log -I x curve. At the higher values of x, the above parabolic equation
The adsorption of a r g o n , nitrogen and oxygen 523 gave values of log x/p which were too low. It was always possible to a perfect fit over the whole range by adding a term in x*. This method was of course employed only for the measurements at or below 90-5° K. At the high temperatures the curve fitting was simplified (although the experimental results, particularly at 170° K., were not very accurate), because owing to the small amounts adsorbed, the lower values of x fitted the equation log xjp = k + bx.
The higher values of x were easily dealt with by the addition of a term in x2. The equations so calculated are given below: Having determined values of k and b it is possible by substituting in equations (6), (7) and (8) of the previous paper to calculate ( ) or (acr) the volume of the adsorbed phase and, 0 providing B, the virial coefficient for the gas phase, is known, a is the fraction of surface area available for adsorption and d is the thickness of the adsorbed layer in one case, and in the other it is assumed to be equal to the molecular diameter of the adsorbed molecule cr (see previous paper).
Evaluation of the virial coefficients
The values of the second virial coefficient B can be calculated from gas data using Lennard-Jones' method (Fowler 1936, p. 299) . For both argon and nitrogen at all temperatures used in this investigation B is negative, i.e. the molecular attractive forces are greater than those of repulsion. The experimental results however show th a t the forces of repulsion predominate (since dp/dx increases with increase of x) and it is evident th a t over the observed range of experiment virial coefficients of higher order than the second are the im portant factors. The adsorbed gas is in fact on th at part of the isotherm which is above the Boyle point and to which the equation p (V -b) = k T applies approximately. Since repulsive forces predomina it is possible to evaluate roughly a coefficient by the Lennard-Jones method neglecting the attractive forces. This is broadly what has been done in applying the virial coefficients to calculation of crystal parameters, except of course th a t the assumption th a t repulsive forces only are important is much more nearly true for the crystal state than for the adsorbed layer. The values of B have therefore been calculated for argon and nitrogen assuming an r -9'3 law for the repulsive force. No data exist which allow us to calculate B for oxygen.
Having evaluated B it is possible to substitute in the adsorption isotherms (equations (6) and (7)) and evaluate (ad) or (acr). For equation (8) the simplest assumption is to put B ' = B " . This i special case under consideration the error is perhaps not large. The molecular diameters of argon, oxygen and nitrogen are 3-64 x 10~8, 3-62 x 10-8 and 3-80 x 10~8 cm. respectively. The platinum atoms are arranged on a lattice of unit length, 3-91 x 10~8 cm. Providing therefore th at molecules can be adsorbed on adjacent lattice squares it is evident th at molecules so ad sorbed will approach each other almost as closely as they do in a molecular collision. They cannot however approach quite as closely as this because we have assumed th at lateral mobility is restricted owing to the existence of potential hills between the adjacent molecules.
Results
The values of a so calculated are given below, together with the values of the adsorption volume calculated from xs. a is calculated from xs by assuming that at saturation those parts of the surface which can adsorb are covered with a close-packed monomolecular layer of molecules, a can alternatively be calculated by assuming one molecule is adsorbed per lattice square, and since the area of such a square is for platinum nearly equal to the square of the molecular diameter of argon, nitrogen and oxygen the difference in the two values is quite small. In each case d and cr have been put equal to 4 x 10-8 cm. The agreement between the values of a calculated from b and xs is reason ably satisfactory at 112° and 170° K. having regard to the difficulty of assigning appropriate values to the virial coefficients. At low temperatures the values of a calculated from 6 are much less than those calculated from xs. This is to be expected if, as the shape of the adsorption isotherms suggest, intermolecular forces of attraction play an important part at these tern-peratures and surface concentrations in determining the molecular energy of interaction in the adsorption layer. In fig. 5 the true adsorption isotherm and the isotherm represented by (a) the experimental figures and ( an adsorbed layer with only repulsive forces are drawn. A brief examination of these curves shows th a t owing to the restricted range of the experimental data in cases where attractive forces are a significant part of the total force of molecular interaction the apparent value of b will be higher than it would be if in the adsorbed layer repulsive forces only were effective.
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The influence of temperature on the volume of the adsorbed phase
Huckel (1928) first pointed out th a t the saturation maximum as cal culated from the Langmuir equation should be independent of the tem perature, whereas all the experimental evidence showed th at this was not the case. Several authors have discussed this problem (cf. Wilkins and Ward 1929, and Bradley 1931) . All these have worked with xs and have assumed th a t its tem perature coefficient is due to some factor which alters the number of molecules which can be packed into the adsorbed phase, the A Argon
The adsorption of a r g o n , nitrogen and oxygen 527 volume of which is independent of temperature. The foregoing discussion suggests that the values of the adsorption volume (ad) calculated from xs are the most reliable values. While the values of (ad) or a so calculated cannot be of a high order of accuracy, a plot of 1/ against log a would suggest that effects of the temperature can be represented roughly by the equation a = ce~P!T, where c and /? are constants (see fig. 6 ).
The magnitude of the temperature coefficient is so large that the factors discussed by Wilkins and Ward cannot possibly account for it. Bradley's factor is automatically taken account of in the virial coefficient. It is of course possible to argue that the sharp increase of adsorption volume with decreasing temperature is due to the formation of polymolecular layers. The discussion of the previous section, while it cannot be said to dispose of this possibility entirely, does at least indicate that the results are not in consistent with the theoretical equations which tacitly assume monomolecular layers. I f this view-point is correct we can draw the interesting conclusion that even on a smooth metal foil surface the surface fields are not uniform. The surface can be energetically composite in two ways. I f we assume that the heterogeneity is associated with the type of structure postulated by exponents of the ' real K rystall5 the exponential temperature effect can be explained. Goetz and Hergenrother ( wher ef(T) is exponential. It is of course important to note that this equation was developed in the discussion of the behaviour of a metal near its melting point and to apply it to the problem under discussion is perhaps an un warrantable extrapolation. There is one very important implication made in the calculation of (ad) from b. It is that the molecules are concentrated together in a small fraction of the surface and not uniformly distributed over it. I f the adsorbed molecules are uniformly distributed over the surface area the adsorption volume, which is significant as far as the evaluation of Ba(T) is concerned, is not (ad) but the total adsorption volume per sq. cm., which is (d). There fore, in order that (ad) should equal (d), for example, for argon and nitrogen at 112°K . the second virial coefficient B will hftve to be ten times larger than the value used. This is far outside the range of experimental error. We are therefore driven to the conclusion that the atoms in a solid surface which are capable of adsorbing molecules are congregated together in Vol. CLXIV-A.
patches and th at the adsorbed molecules form islands in the surfaces. The concept of islands existing in the adsorbed layer has been employed by Polanyi and Welke (1928) and Goldmann and Polanyi (1928) , and also by Benton and White (1930, 1931) , to explain discontinuous adsorption.
The adsorption potential
In view of the difficulties which are encountered in applying the virial adsorption isotherm to the experimental results obtained at the lowest temperatures the adsorption potential has been evaluated only at 112° and 170° K., using equations (7) and (8) of the previous paper. There is no evidence existing which allows us to determine cr. It has been assumed that or for the adsorbed molecule is the same as for the platinum atoms, i.e. 3T x 10~12. Since the vibratory motion of the adsorbed molecules is con ditioned almost entirely by the vibratory motion of the platinum atoms this is not an unreasonable assumption to make. The results are tabulated below:
112-2 4400 5300 4000 4800 170-4 5700 7200 5300 6600 I t appears th at <> 7 and <> 8 increase markedly with temperature. Actually the adsorption potential would be expected to be independent of tem perature. If, however, there is a change of physical state of the adsorbed layer so th at melting or lateral diffusion occurs between 112-2° and 170° K., then the adsorption potential is given by 0 8 a t 112-2° K. and 0 7 at 170-4° K. This gives us an adsorption potential independent of the temperature: and 4> n^ 5500 cals, and 0 A 5000 cals.
Lennard-Jones (1932) has developed a quantum mechanical calculation of th at part of (ft, (j)a which is due to the attractive forces existing betw the solid surface and the adsorbed molecule. He has not been able to calculate the repulsion potential but he estimates it to be 40 % of ^> a. Now (j)a is given by Argon 5300 cal./g. mol.
He suggests that 40 % should be allowed for the potential of the repulsive fields and this gives for 0 :
Nitrogen 1500 cal./g. mol.
Argon 3200 cal./g. mol.
The experimentally determined 0 's are therefore much larger than these theoretical values. There are two points of importance here. The platinum foil was cleaned before use with hot nitric and chromic acids. This treatment would probably cause the formation of a thin layer of oxide which would, of course, completely alter the surface properties. It should be pointed out, however, that Thomson, Stuart and Murison (1933) have shown that heating sputtered films of platinum which were covered with P t 0 2 to above 225° C. removed the oxide to such an extent that it could not be detected by electron diffraction. Langmuir (1918 Langmuir ( ,1922 states that oxygen is so strongly and irreversibly adsorbed by platinum that it is retained even at tem peratures as high as 1200° C. It is possible, therefore, that the platinum was covered with a monomolecular layer of chemisorbed oxygen.
A further point to be borne in mind also is that the experiments show quite clearly that although the surface is plane it is not homogeneous, and the fraction available for adsorption decreases rapidly as the temperature is raised from 80° to 190° K. This is characteristic of the results of all experi ments which have yet been reported where adsorption is reversible. If the majority of the surface has an adsorption potential of 1500 cal./g. mol. for nitrogen and 3200 cal./g. mol. for argon the amounts adsorbed on it will be quite small compared with those parts of the surface having a potential of 5000-6000 cal./g. mol., except at low temperatures where the areas o f higher potential may be very nearly saturated.
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Summary
The adsorption of argon, nitrogen and oxygen on a smooth platinum foil has been measured a t various temperatures between 77 and 193° K. over the pressure range of 5 x 10-3 to 2 x lO-1 mm. I t is found th at the deviations from the Langmuir adsorption isotherm are greater the lower is the temperature. The values a of the fraction of the apparent surface covered by the gas a t saturation is unity only for argon a t 77° K. In all other experiments a was much less than unity. Further, the rate of decrease of oc with increase of tem perature is much more rapid than is given by Zeise's linear equation and can be expressed approximately by a = ce~fi/T, where c and fi are constants. After a discussion of the results, using the virial adsorption isotherm, the failure of the Langmuir adsorption isotherm at low temperatures is attributed to the intermolecular forces of attraction which exert a pronounced effect on the amount of gas adsorbed.
The adsorption potentials of argon and nitrogen are calculated to be approximately 5000 and 5500 cal./g. mol. respectively. These compare with the corresponding values calculated from quantum mechanics of 3200 and 1500 cal./g. mol. The possible reasons for the discrepancy are discussed.
